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Apatite fission track thermochronologyThe São Francisco Craton (SFC) and its marginal Araçuaí and Brasília orogens exhibit a significant diversity in
their lithospheric architecture. These orogens were shaped during the Neoproterozoic–Cambrian amalgamation
of West Gondwana. The rigid cratonic lithosphere of the SFC and the relatively weak lithosphere of the Araçuaí
Orogen were disrupted during the Cretaceous opening of the South Atlantic Ocean, whereas the Brasília Orogen
remained in the continental hinterland. In earlier research, the thermal effects of the Phanerozoic reactivations in
the shallow crust of the Araçuaí Orogen have been revealed by low-temperature thermochronology, mainly by
apatite fission track (AFT) analysis. However, analyses from the continental interior are scarce. Here we present
new AFT data from forty-three samples from the Brasília Orogen, the SFC and the Araçuaí Orogen, far from the
passive margin of the Atlantic coast (~150 to 800 km). Three main periods of basement exhumation were iden-
tified: (i) Paleozoic, recorded both by samples from the SFC and Brasília Orogen; (ii) Early Cretaceous to
Cenomanian, recorded by samples from the Araçuaí Orogen; and (iii) Late Cretaceous to Paleocene, inferred in
samples from all domains. We compare the differential exhumation pattern of the different geotectonic prov-
inces with their lithospheric strengths. We suggest that the SFC likely concentrated the Meso-Cenozoic
reactivations in narrowweak zones while the Araçuaí Orogen displayed a far-reachingMeso-Cenozoic deforma-
tion. The Brasília Orogen seems to be an example of a stronger orogenic lithosphere, inhibiting reworking, con-
firmed by our new AFT data. Understanding the role of the lithosphere rigidity may be decisive to comprehend
the processes of differential denudation and the tectonic–morphological evolution over Phanerozoic events.
© 2021 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.1. Introduction
During the evolution of the continental lithosphere, lithospheric
strength plays a significant role in controlling the initiation and charac-
ter of extensional and compressional deformation (Kusznir and Park,
1984). Rifting, tectonic reactivation and reworking are mainly concen-
trated in segments of weak lithospheres and pre-existing shear zones
(Manatschal et al., 2015; Petersen and Schiffer, 2016; Schiffer et al.,
2019; Tommasi and Vauchez, 1997). In contrast, rigid and stiff litho-
sphere, such as characteristic of cratons, is more resilient to be affected
by major tectonic events (Artemieva, 2006). Several main factors con-
tribute strongly to lithosphere rigidity: (i) mantle and crust rheology;
(ii) geothermal gradient; (iii) crustal thickness; (iv) lower crustale (A.C.L. Fonseca),
anRanst@ugent.be
a Research. Published by Elsevier B.composition; and (v) tectonic inheritance (Kusznir and Park, 1984;
Manatschal et al., 2015; Salazar-Mora et al., 2018). Orogenic lithosphere
is usually considered favorable for reworking due to its fertile content,
high concentration in radiogenic elements, and its mantle anisotropy
array. However, Krabbendam (2001) described how some orogens can
produce strong lithosphere and inhibit deformation. The West Gond-
wana break-up during the Early Cretaceous seems to have followed
the structural lineaments of ancient mountain belts (e.g. Araçuaí
Orogen) (Tommasi and Vauchez, 2001; Autin et al., 2013; Reuber and
Mann, 2019; Will and Frimmel, 2018), although the rifting also broke
cratonic areas (e.g. the Bahia cratonic bridge of the São Francisco–
Congo Craton) whereas it preserved other orogenic belts (e.g. Brasília
Orogen).
Low-temperature thermochronology has been used to constrain the
reactivations in different tectonic environments (e.g. Fernie et al., 2018;
Gillespie et al., 2017; Mackintosh et al., 2019), due to its ability to iden-
tify cooling/heating episodes that affected the shallow crust. Episodes of
high cooling rates are usually connected to moments of crustalV. All rights reserved.
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that are determined by reaction of the lithosphere to a stress source.
In Brazil, several thermochronological studies have been conducted
along the Atlantic passive margins (e.g. Cogné et al., 2011; Engelmann
de Oliveira et al., 2016; Gallagher et al., 1995; Hackspacher et al.,
2004; Hueck et al., 2019; Jelinek et al., 2014; Japsen et al., 2012; Krob
et al., 2020; Van Ranst et al., 2020a;Harman et al., 1998),mainly focused
on detecting thermal variations during rift and post-rift events that are
pointed out as essential in the formation of the coastal relief and land-
scape along the Brazilian Atlantic coast. The cooling phases identified
by the previous works indicate that uplift must have taken place during
Meso–Cenozoic times, inducing the erosion and exhumation of the crys-
talline basement. However, the hinterland response to the Cretaceous
rifting is still poorly understood in South America (Heine et al., 2013;
Pérez-Díaz and Eagles, 2014; Zalán, 2004).
In south-eastern Brazil, the São Francisco Craton (SFC) and its mar-
ginal belts are part of the South American Platform, (Almeida et al.,
1981; Almeida et al., 2000; Brito Neves, 2002). The cratonic area pre-
serves the Archean nucleus and segments of a Paleoproterozoic orogen,
both partially covered by Proterozoic sedimentary successions and few
Phanerozoic deposits (Heilbron et al., 2017). During the Neoproterozoic
until the early Paleozoic, various continental collision-accretion events
shaped the preceding paleocontinent throughout the Brasiliano oro-
genic cycle that eventually resulted in the amalgamation ofWest Gond-
wana. The portion of the Precambrian basement not involved in
deformation triggered by the Brasiliano cycle defines the SFC (Almeida
et al., 1981; Alkmimet al., 1993; Alkmim, 2015). To thewest, the Brasília
Orogen (Fig. 1) was assembled in the course of the closure of a wide
ocean during the subduction of continental units, tectonic accretion
events and associated nappe exhumation (Valeriano, 2017). It was sta-
bilized relatively early (600–560 Ma) when compared with the other
orogenic fronts that surrounded the SFC and afterwards it remained
confined in the hinterland of continental blocks, i.e. West Gondwana
and South America continents (Pimentel, 2016). To the east of the
SFC, the Araçuaí-West Congo (AWCO) Orogen (Fig. 1) was formed
following the closure of a fairly narrow ocean branch. This was then
succeeded by continental collision, and orogenic collapse during
the onset of the Neoproterozoic up to the Cambrian–Ordovician
boundary (Pedrosa-Soares et al., 2008). The AWCO was disrupted
and split into two counterparts with the incipient opening of the
South Atlantic Ocean. It currently composes a segment of the
Brazilian and Congo passive margins.
As the SFC and its marginal belts are composed of a representative
diversity of lithosphere architectures, understanding of their thermal
evolution after the Phanerozoic stabilization can clarify the role of the
lithospheric strength in their exhumation history. Moreover, the Phan-
erozoic upper crust thermal evolution of the SFC hinterland domains
and the Brasília Orogen still remains poorly constrained. In this study
we present the results of apatite fission track (AFT) thermochronometry
applied to forty-three samples collected in three transects crossing the
structural fabric of the Araçuaí Orogen, SFC and Brasília Orogen. We
aim to constrain the exhumation phases of each terrain, investigating
the possible relationships of cooling/heating episodes to geodynamic
processes and their surface expressions. From these, we can evaluate if
there is a differential exhumation pattern between the terrains and if
it is related to the lithospheric characteristics of each tectonic province.
2. Geological setting
The study area comprises the SFC and two of its marginal orogenic
belts, i.e. the Araçuaí and Brasília orogens, which surrounded and
shaped the craton during the Ediacaran – Cambrian amalgamation of
West Gondwana. Segments of SFC and Araçuaí Orogen constitute a por-
tion of the Brazilian passive margin andwere connected to their African
counterparts, Congo Craton and AWCO fold-and-thrust belt, respec-
tively, before Pangea (including West Gondwana) break-up in the107Early Cretaceous (Fig. 1) (Hasui et al., 1975; Almeida, 1977; Trompette
et al., 1992; Alkmim and Teixeira, 2017). On the western side of the
SFC, the Brasília Orogen has been part of continental interior since the
Cambrian (Fig. 1).
2.1. (Pre)Cambrian basement
The SFC basementwas formed originally by anArchean nucleus, that
is represented by TTG-type granitoids as the result of granite-
greenstone terrains amalgamation (Heilbron et al., 2017; Alkmim,
2004). The Archean nucleus was attached, on its eastern side (pres-
ent-day co-ordinates), to Paleoproterozoic orogenic segments: The
Eastern Bahia Orogenic Domain, the Mineiro Belt, and the so-called
Quadrilátero Ferrífero (Iron Quadrangle) mineral province (Fig. 1)
(Heilbron et al., 2017; Alkmim and Teixeira, 2017; Barbosa and
Barbosa, 2017). The Paleoproterozoic orogenic system and the Archean
nucleus are remnants of the São Francisco-Congo paleo-continent. This
paleo-continent was affected by anorogenic magmatism and
taphrogenic processes which created intracratonic basins and passive-
margin sedimentation at the end of the Paleoproterozoic (Martins-
Neto et al., 2001). During the Ediacaran – Cambrian, several continental
collisions affected the São Francisco–Congo Craton and led to the final
configuration ofWest Gondwana with the inversion of the previous ex-
tensional rifts. This process resulted in the Brasiliano – Pan-African oro-
genic systems that are used to delineate the boundaries of the craton.
Due to its long and complex tectonic history, as well as the large area
covered by Phanerozoic sediments, the SFC's structural framework is
still not completely understood. In SE Brazil, the craton is surrounded
by three Brasiliano orogenic fronts, the Araçuaí, Ribeira and Brasília
orogens (Fig. 1) (Almeida, 1977).
The Araçuaí Belt is located to the southeast of the SFC (Fig. 1) where
it underlies the Brazilian Atlantic margin. To the south of the Araçuaí
Belt, around Lat 21°S, itmergeswith the Ribeira Belt (Fig. 1). The Araçuaí
Belt encompasses an entire magmatic arc, an ophiolite sliver, syn- and
post-collisional magmatic bodies, and a suture zone (Pedrosa-Soares
et al., 2008). The orogenwas formed due to the closure of the Adamastor
ocean during the amalgamation of West Gondwana (Heilbron et al.,
2008). The regional structural trend diverts from NNE to NE from
north to south (Fig. 1). The metamorphic grade of exposed units ranges
from greenschist to amphibolite facies, with metamorphic peak ages of
600–580 Ma and final collision at 540 to 530 Ma (Alkmim et al., 2017).
The orogenic collapse induced post-collisionalmagmatismand a variety
of extensional structures and is dated to have occurred at around
530–490 Ma (Pedrosa-Soares et al., 2001, 2008; Marshak et al., 2006).
The Araçuaí Orogen has been coined a hot orogen (e.g. Cavalcante
et al., 2018; Fossen et al., 2017; Vauchez et al., 2007, 2019; Richter
et al., 2016) as it is characterized by high temperatures, slow cooling
and the emplacement of large volumes of magma during its accretion-
ary, syn- and post-collisional phases (Fossen et al., 2017; Vauchez
et al., 2007, 2019).
The Brasília Orogen was developed along the western margin of
the SFC (Almeida et al., 1981) during the convergence of the Amazo-
nian, São Francisco-Congo and Paranapanema paleocontinents
(Pimentel et al., 2004), that consumed a large oceanic slab (Brito
Neves, 1999). The fold belt comprises Archean – Paleoproterozoic
rocks, which, together with a Proterozoic metasedimentary cover, a
juvenile magmatic arc (Goiás arc), and granitic complexes, were
folded and thrusted toward the SFC (Pimentel et al., 2000). In its
southern portion, a NW-SE structural trend prevails, while in the
southernmost area, the regional trend is overlapped by W-vergent
nappes and transitional structures of the Ribeira Belt (Valeriano, 2017a).
Peakmetamorphism is constrained at 650–630Mawith amphibolite to
granulite facies conditions (e.g.Moraes et al., 2002; Piuzana, 2003; Reno
et al., 2009; Valeriano et al., 2004). Analysis frommedium-temperature
thermochronometers (40Ar/39Ar and K/Ar in biotite andmica) indicates
an exhumation and cooling of the Brasília Orogen between 600 and
Fig. 1. Geological context of the study area. A) Gondwana Supercontinent and Phanerozoic accretions (after Almeida et al., 1981). B) Schematic representation of West Gondwana
basement, with the shields, cratonic continental masses and Neoproterozoic-Late Paleozoic orogenic belts (after Tohver et al., 2006; Vaughan and Pankhurst, 2008). C) Brazilian tectonic
provinces (Alkmim, 2015). D) Chronostratigraphic regional map showing the location of analyzed samples with the major structural lineaments and AFT ages from previous works. * in-
dicates samples from Fonseca et al. (2020).
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Valeriano et al., 2000; Pimentel et al., 2004).
2.2. Post-Cambrian Evolution and existing thermochronological data
Following the cessation of the Brasiliano orogenic cycle, the West
Gondwana continental interior went through a consolidation stage,
forming a relatively stable platform during the early Paleozoic
(Carneiro et al., 2012; Zalán, 2004). Scarce low-temperature thermo-
chronological data on the SFC and its margins, have revealed a pro-
nounced Paleozoic cooling period in the southern Brasília Orogen
(Doranti-Tiritan et al., 2014; Gallagher et al., 1994; Ribeiro et al., 2005)
and in the northeastern SFC (Jelinek et al., 2014; Japsen et al., 2012).
These authors tentatively relate the cooling eventwith far-field effects
of the long-lived orogeny at the southernmargin of Gondwana, i.e. theFig. 2. Main post-Cambrian tectonic, sedimenta
109Famatian and Gondwanic orogenic cycles (Fig. 1, Fig. 2: 1 to 4, Jelinek
et al., 2014), the deposition of sedimentary sequences in the adjoining
Paraná Basin (Fig. 2: 10 to 12, Ribeiro et al., 2005) andwidespread Car-
boniferous glaciation (Doranti-Tiritan et al., 2014).
During the Paleozoic, the Famatian (Early Ordovician to Early Car-
boniferous) and Gondwanic (Early Carboniferous to middle Permian)
orogenic cycles took place in the SW portion of the West Gondwana
paleo-continent (Fig. 1-A) (Heredia et al., 2018, and references therein)
by the docking of continental fragments (collisional type) and by sub-
duction of oceanic terranes (non-collisional type). From their analyses
of tectonic subsidence curves of the Paraná-Chaco Basin and its sedi-
mentary record, Milani and Ramos (1998) proposed that the exten-
sional tectonic subsidence episodes that affected this basin were
closely related to the onset of these Paleozoic geodynamic cycles. The
Paleozoic deposits in the Paraná-Chaco Basin preserve marine, fluvial,ry and volcanic events (after Zalán, 2004).
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thicknesses up to 4500 m (Fig. 2: 10 to 12, Milani et al., 2007). The Car-
boniferous glaciation event is recorded by the Itararé Group in this basin
and by striated surfaces in its basement (Fig. 2: 12, Buso et al., 2017;
Caputo and Crowell, 1985; Eyles et al., 1993; Griffis et al., 2018;
Montañez andPoulsen, 2013;Mottin et al., 2018; Visser, 1987). The sed-
imentary record in the Sanfranciscana Basin of the SFC, initiates with
Carboniferous glacial deposits (Santa Fé Group, Fig. 2: 17) (Sgarbi
et al., 2001; Limarino et al., 2014; Torsvik and Cocks, 2013; Vesely and
Assine, 2006; Reis et al., 2017). The Carboniferous glacial period was
followed by increasingly arid conditions as reflected in sediments
from in the Paleozoic - Mesozoic transition.
During the Mesozoic, the relative stability of the West Gondwana
hinterland was disturbed by taphrogenic processes culminating in the
complete continental break-up and eventual opening of the South At-
lantic Ocean. Preceding the rifting processes, somemagmatic events oc-
curred that are mainly well-expressed in the African counterpart.
According to Pérez-Díaz and Eagles (2014), separation started at the lat-
est by 138 Ma in the far south and then it propagated northwards de-
scribing a counterclockwise rotation. The onset of the break-up was
approximately coeval with the emplacement of the Paraná-Etendeka
flood basalts in the Paraná Basin (Fig. 2: 15, Hueck et al., 2018; Krob
et al., 2020; Rocha et al., 2020). Krob et al. (2020) combined strati-
graphic records and thermochronological data sets to suggest a possible
thermal effect of this mantle plume in the intraplate environment adja-
cent to its emplacement. Also, during this time, the Transminas mafic
dike swarm (Coelho and Chaves, 2017) intruded the basement of the
SFC and the western Araçuaí Orogen (Fig. 2: 21, Chaves, 2013; Rosset
et al., 2007). Besides this activity, tectonic reactivation and mafic intru-
sions took place in the Cambrian Colatina Fracture Zone, in the eastern
Araçuaí Orogen (Fig. 2: 21, Santiago et al., 2019; Mendes, 2017). A
reheating effect of these magmatic events in the hosting basement has
hitherto not been observed (Amaral-Santos et al., 2019; Van Ranst
et al., 2020a).
Structural inheritance possibly guided the South Atlantic rifting,
since it tended to follow the Brasiliano – Pan African structures (e.g.
de Wit et al., 2008; Misra and Mukherjee, 2015; Nemčok, 2016;
Tommasi and Vauchez, 2001; Vauchez et al., 1997; Will and Frimmel,
2018). The rheology of the rift-resistant cratonic nucleus led to the de-
velopment of deep faults and narrow sedimentary basins, in contrast
to wide and evaporite-rich basins evolving on the Brasiliano belts
(Fig. 2, see platform size differences in the map, e.g. Alkmim, 2004;
Mohriak et al., 2008). The marginal basins record the tectonic phases
of the rifting evolution as syn-rift, transitional and drift phases (Fig. 2–
21 to 24, e.g. Asmus, 1982). The rifting reached and affected the São
Francisco–Congo Craton and AWCO basement at ca. 120 to 112 Ma
(Torsvik et al., 2009) effectively separating the SFC and Araçuaí Orogen
from its African counterparts (Congo craton andWest Congo Belt). The
uplift and consequential erosion of the rift shoulders are pointed out as
the reasons of Early Cretaceous basement cooling inferred by AFT anal-
yses in the Araçuaí Orogen (Jelinek et al., 2014; Van Ranst et al., 2020a).
The post-rift evolution is marked by significant volcanic activity,
mainly between the Late Cretaceous and the Paleogene. In the continen-
tal hinterland, series of alkaline intrusions were emplaced in the Alto
Paranaíba Arch in the Brasília Orogen (Fig. 2: 20, e.g. Riccomini et al.,
2005). Several authors suggest a new pulse of sedimentation in the
Paraná (Bauru Supersequence, Fig. 2: 16, Batezelli, 2017; Milani et al.,
2007) and Sanfranciscana basins (Areado Fm., Fig. 2: 18, Campos and
Dardenne, 1997; Uhlein et al., 2011) linked to pulses of doming and de-
nudation connected to these intrusions. Offshore Brazil, the Abrolhos
Bank, which forms a remarkable off-shore platform (Fig. 2: 19), records
a sedimentary-volcanic complex developed during this time (Mohriak
and Fainstein, 2012).
Late Cretaceous to Paleogene rapid cooling of the regional basement
is widely recorded by low-temperature thermochronometry (AFT and
U–Th/He) in the Araçuaí Orogen (Carmo, 2005; Jelinek et al., 2014;110Van Ranst et al., 2020a). The authors interpreted the cooling as the effect
of erosion of an uplifted area. This hypothesis is supported by the signif-
icant increment of the marginal basin sedimentary thicknesses during
this time.Multiple uplift driving forces seem to have acted (e.g. isostasy,
tectonic basement reactivations andmantle drag), however the distinct
role of each one is still unclear. Van Ranst et al. (2020a) suggest the in-
fluence of a thermal anomaly possibly related to the hypothetical
Trindade mantle plume and the offshore magmatism (Thompson
et al., 1998) which may have weakened the lower crust, hence making
it more susceptible to tectonic basement reactivations due to far-field
stresses. The stresses may have been triggered by a complex interaction
of forces that compress the South American Plate between the Andean
collision zone and the ridge-push of the Atlantic Ocean spreading zone
(e.g. Japsen et al., 2012; Cogné et al., 2012). The authors highlighted
the synchronism between this Araçuaí Orogen denudation phase and
the Peruvian stage of the Andean orogeny (Figs. 2–6) and thus they pro-
posed this collision stage as the main source of lithospheric stress.
Jelinek et al. (2014) also emphasize the role of crustal weakening by
mantle heating but pointed at isostasy as main uplift process.
3. Samples and method
In order to investigate the Phanerozoic thermochronological evolu-
tion of the SFC and its surrounded mobile belts, this study applied the
AFT method (Appendix A) on the Precambrian–Cambrian basement.
Forty-three samples of granites and gneisses were collected following
three approximately E–W oriented transects: S(outh), C(entral) and N
(orth) (Fig. 1-D). These transects were selected to cross the structural
fabric established during the Brasiliano orogeny cycle, and cover the
three tectonic provinces where only few data, if any, were previously
acquired (Fig. 1-D). A lower sampling resolution of basement outcrops
in the SFC is due to the extensive Phanerozoic sediment cover which re-
duces the amount of possible sampling sites. Twenty-four samples are
from the Araçuaí Orogen, twelve samples from the SFC and seven sam-
ples are from the Brasília Orogen. Details of the lithology, elevation and
geographical locations of each sample are provided in Table 1. Apatite
grains were concentrated by conventional crushing and magnetic and
heavy liquid separation in Centro de Pesquisas professor Manoel
Teixeira da Costa (CPMTC), Belo Horizonte (Brazil).
For this studywe applied theAFT external detectormethod (Hurford
andGreen, 1982; Fleisher et al., 1975) based on the standard procedures
used at the fission track laboratory at Ghent University (described by
e.g. De Pelsmaeker et al., 2015; Nachtergaele et al., 2020; Van Ranst
et al., 2020a). Grains (150–250 per sample) were hand-picked and
mounted in Struers CaldoFix-2 epoxy resin, after which they were
grinded on SiC paper and polished using diamond suspension (6 μm,
3 μmand 1 μm). Apatitemountswere etched in 5.5mol/LHNO3 solution
during 20 s at 21 °C (Donelick, 1991) in order to make the spontaneous
fission tracks detectable through optical microscopy. Thermal neutron
irradiation was carried out at the Belgian Nuclear Research Centre
(SCK, Mol) using the Belgian Reactor 1 (BR1) facility (Channel X26; De
Grave et al., 2010). Age standards (Durango and Fish Canyon Tuff)
were included in the irradiation package for zeta-calibration (Hurford
and Green, 1983). Thermal neutron fluence was monitored by four
IRMM-540 dosimeter glasses (De Corte et al., 1998), which were regu-
larly spread over the package. Induced fission tracks were revealed in
the irradiated external detectors (ED) (Goodfellow low-U muscovite)
using 40% HF for 40 min at 21 °C.
Age calculations were performed using the overall weighted mean
zeta (OWMZ). The majority of the samples were analyzed by one ana-
lyst (ζ = 313.9 ± 5.8, AF) using the Leica DM 2500P microscope
equipped with a Leica DFC 295 camera. Using a different microscope
and optical set-up, samples S1, S3, S11 and S13 were analyzed by TN
(ζ = 254.6 ± 8.8) and samples 5, 10, C3, S4 and S14 by SN (ζ =
286.2 ± 4.7), both under the motorized Nikon Eclipse Ni-E microscope
with a Nikon DS-Ri2 camera attachment (Van Ranst et al., 2020b). To
Fig. 3.Digital ElevationModel (DEM)map of the study areawith indication of the sample locations, central AFT ages (inMa), Mean Track Lengths (MTL) (in μm), and number of measured
confined track lengths in brackets. For general location see Fig. 1. * indicates samples from Fonseca et al. (2020). BH= Belo Horizonte.
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for each sample. Central ages and Chi-squared (χ2) homogeneity test
parameters (Galbraith, 2005; Galbraith, 1981; Galbraith and Laslett,
1993) were calculated using “IsoplotR” software (Vermeesch, 2018)
and are reported in Table 2.
The length–frequency distributions were acquired by ideally mea-
suring 100 (sub)horizontal confined tracks in each sample. All track
lengths and the angles between the track and the crystallographic c-
axis were measured with the Nikon Eclipse Ni-E microscope with a
DS-Ri2 camera attached at a 1000×magnification. The etch pit diameter
parallel to the crystallographic c-axis (Dpar) (Donelick et al., 1999) was
measured (100–200 per sample) using a the Dpar module within
Nikon NIS-Elements AR (Van Ranst et al., 2020b). Data from samples
with a sufficient number of track lengths (> 50) were used as input in
the QTQt software (Gallagher, 2012) to perform the Markov Chain
Monte Carlo (MCMC) inverse modeling with 105 pre- and post-burn
in iterations. We opted not to use c-axis projection because the anisot-
ropy of our samples is anomalously low, causing c-axis projection to
‘overcorrect’ and invert anisotropy. (Van Ranst et al., 2020a). Only the111present-day temperature was constrained as (25 ± 15) °C in order to
not bias themodels. The prior for theMCMC run was set to the (central
age ± central age) for time and, (70 ± 70) °C for temperature.4. Results
Wepresent a newAFTdataset, which is summarized in Table 2, of 43
analyzed samples from the Araçuaí Orogen, the SFC, and the Brasília
Orogen. AFT central ages and confined track lengths from twelve ana-
lyzed samples are geographically displayed in Fig. 3. Swath elevation
profiles (north A–B; central C–D; south E–F) with added samples posi-
tion and AFT central ages are presented in Fig. 4. Supplementary figures
on analytical results (among others comparative diagrams showing the
differential data of the different terrains studied) are to be found in Ap-
pendix B. Samples C3 and S4 failed the Chi-squared test (P(χ2) < 5%).
Samples C8, C11 and N16 yielded insufficient confined tracks (n < 50)
to reconstruct thermal history models.
Fig. 4. Swath profile from the three transects: northern (A−B), central (C−D), and southern (E-F). Symbols are colour-coded for AFT central age. The red line is themean elevation profile
from the swath profiles. The transition between the tectonic provinces is highlighted. * indicates samples from Fonseca et al. (2020). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 5. AFT age vs. MTL or “boomerang” plot (Green et al., 1986) of the Araçuaí Belt, SFC, and Brasília Belt basement samples. See text for details. * indicates samples from Fonseca et al.
(2020). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 6. Summary figure from thermochronology and geological events. Expected (weighted mean) t-T paths from models obtained by QTQt (Gallagher, 2012) (see individual thermal
history data in Appendix B.8–9-10). Periods of cooling interpreted from the thermal history, geodynamic events and sedimentation events during the Phanerozoic (after Zalán, 2004
and Milani et al., 2007) are added. S = syn-rift and T = transitional phases in the marginal basins.
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Table. 1
Samples location (inWorld Geodetic System -WGS84), elevation above sea level (a.s.l.), lithology, and tectonic provinces (AB – Araçuaí Belt, SFC. – São Francisco Craton, BB – Brasília Belt).
Sample X (°) Y (°) Elevation (a.s.l.)(m) Lithology Province
S1 −42.2768 −20.7010 718 Banded granulite gneiss AB
S2 −42.4713 −20.7285 1192 Medium grained piroxene granite AB
S3 −42.6509 −20.6900 651 Medium grained piroxene granite AB
S4 −42.6844 −20.6869 614 Biotite gneiss AB
S5 −42.8959 −20.7306 619 Medium grained biotite gneiss AB
S6 −43.1099 −20.6665 615 Fine grained biotite gneiss AB
S7 −43.3320 −20.6757 663 Medium grained biotite gneiss AB
S8 −43.5802 −20.6839 722 Fine grained biotite gneiss AB
S9 −43.6389 −20.6725 738 Fine grained biotite gneiss AB
S10 −43.8328 −20.5669 926 Coarse grained biotite granite AB
S12 −44.1654 −20.9957 1084 Medium grained biotite granite AB
C2 −43.3416 −19.7112 720 Coarse grained biotite gneiss AB
C3 −43.2028 −19.6612 735 Biotite granite AB
C4 −43.0367 −19.7237 558 Coarse grained biotite gneiss AB
C6 −42.7839 −19.6174 262 Folded and sheared biotite gneiss AB
C7 −42.6943 −19.2180 242 Biotite gneiss AB
C8 −42.3276 −19.2300 197 Garnet bearing amphibolite AB
C9 −42.2509 −19.1723 208 Fine grained biotite gneiss AB
C11 −42.0818 −18.9656 177 Fine grained biotite gneiss AB
C12 −42.0225 −18.9231 188 Fine grained biotite gneiss AB
N3 −42.2801 −16.7072 557 Tourmaline bearing pegmatite AB
N4 −42.1826 −16.6299 310 Biotite granite AB
N5 −42.2846 −16.2219 445 Metagreywacke AB
N7 −42.9033 −16.2274 832 Gneiss AB
S11 −44.0412 −20.6574 878 Fine grained biotite gneiss SFC
S13 −44.4227 −20.8681 992 Medium grained biotite granite SFC
S14 −44.7343 −21.0270 997 Porphyritic basalt SFC
1 −45.1248 −21.1736 786 Migmatitic hornblende gneiss SFC
C1 −43.7991 −19.8133 855 Migmatitic biotite gneiss SFC
C22 −43.9794 −19.8901 859 Fine grained biotite gneiss SFC
C19 −44.1580 −19.9635 851 Biotite gneiss SFC
C20 −44.6217 −19.8897 850 Biotite granite SFC
C21 −44.8803 −19.8934 682 Fine grained biotite gneiss SFC
C18 −45.3290 −19.7837 680 Biotite bearing migmatite SFC
N11 −44.7121 −15.3076 620 Granite SFC
N10 −44.6414 −15.3559 602 Granite SFC
4 −45.5288 −21.1933 805 Medium grained horneblende granite BB
5 −45.7551 −21.2543 893 Biotite gneiss BB
6 −46.0035 −21.4468 793 Coarse grained piroxene gneiss BB
7 −46.3717 −21.3339 883 Coarse grained piroxene gneiss BB
8a −46.5302 −21.3558 972 Coarse grained piroxene gneiss BB
9a −46.8217 −21.2976 777 Coarse grained piroxene gneiss BB
10 −46.9280 −21.3034 791 Granite BB
C17a −46.8887 −18.8789 1061 Metaconglomerate BB
C16a −47.2202 −18.9419 884 Biotite granite BB
C15a −47.7057 −18.7589 856 Biotite granite BB
C14a −48.0631 −18.4268 577 Biotite bearing migmatite BB
N12 −48.2356 −16.9667 898 Garnet bearing gneiss BB
N13a −48.5663 −17.2695 758 Mylonitic granite BB
N16 −49.3007 −17.2581 631 Mylonitic granite BB
a Indicates samples from Fonseca et al. (2020).
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The twenty-four samples from the Araçuaí Orogen exhibit a wide
range of AFT ages, from the late Triassic (210 ± 10 Ma, Sample S10)
to the early Paleogene (53 ± 2 Ma, Sample C7). Ages from the Triassic
to Early Cretaceous, i.e. pre- to syn-rift, are spatially situated closest to
the SFC (samples S10, S8, S7 and C2; Figs. 3, 4) and in the northern tran-
sect (samples N3, N4, N5, and N7; Figs. 3, 4). Ages from the Late Creta-
ceous to early Paleogene, i.e. post-rift, are spatially present in samples
from the central and southern transects, located closer to the coast
(Fig. A.1 in Appendix B). On the age–elevation plot (Fig. A.2 in Appendix
B) the sample set from the Araçuaí Orogen describes a normal trend, in
which the older AFT ages tend to be present in the samples collected at
higher elevations. Samples C8 and S2 exhibit outlier's behavior, the for-
mer being “too old” for its elevation and the latter being “too young”.
Sample C8 was taken from a river valley at low elevation (197 m) and
yields a Jurassic AFT age (195 ± 19 Ma). In the central profile (C−D,
Fig. 4), it is the only sample with a pre-rift age in close proximity to114samples yielding post-rift ages (Figs. 3, 4). Sample S2 is from a site at
the highest elevation sampled and gives a Late Cretaceous AFT age
(81 ± 7 Ma).
AFT length histograms from the Araçuaí Orogen samples are pro-
vided in Fig. A.3 in Appendix B. In six samples (S1, S3, C6, C2, N3 and
N5) it was possible to measure more than 50 tracks to produce repre-
sentative length–frequency histograms. Samples from the northern
transect yield the shortest mean track lengths (MTL) (11.5 μm, N3 and
N5) and become longer to the south (13.5 μm, S1 and S3). The histo-
grams present a unimodal distribution. Standard deviation varies be-
tween 1.5 and 1.9 μm and displays an apparent negative correlation
with MTL (Fig. A.6 in Appendix B), i.e. the distribution becomes
narrower with longer MTL. Skewness values are negative to non-
skewed, ranging from −1.1 (Sample C6) to 0.0 (Sample N3), and de-
scribe negative correlation with MTL (Fig. A.7 in Appendix B), with
two outliers (samples S1 and S3). MTL and AFT central ages establish
a relationship as the half part of a boomerang trend (Fig. 5, Green
et al., 1986). This relationship indicates a fast cooling through the
Table. 2








































































































































































































































































































































2328 0.59 344 16 87 11.9 1.6 0.070 2.02
(237)
A 21.2 1.1
N10 20 20.383 2455 5.054 614 4.659 2329 0.14 284 17 100 11.7 1.3 −0.146 1.71 A 14.2 0.8
(continued on next page)



















































































































































2323 0.23 263 17 24b 10.8b 1.9b 0.310 1.73
(133)
A 9.2 0.6
ρs and ρi are the densities of spontaneous (apatite) and induced tracks (in muscovite external detector), respectively. ρd are interpolated values of the density of induced tracks in the
external detector irradiated against regularly spaced Uranium-doped glass dosimeters (IRMM-540) in the irradiation package. All densities expressed in 105 tracks/cm2. Ns and Ni are
the number of spontaneous and induced tracks, respectively. Nd is the interpolated value of the number of induced tracks in the external detector stemming from co-irradiated glass do-
simeters (IRMM-540). P(χ2) is the chi-squared probability that the dated grains have a constant ρs/ρi ratio. The standard error (s.e.) on the age is given in Ma. Nc is the number of mea-
sured confined natural horizontal tracks.MTL is themean track length,σ is the standarddeviation of the track length distribution; A is the analyst (A-Ana Fonseca ζ=313.9±5.8 a.cm2, T-
Tiago Novo ζ=254.63 ± 8.81 a.cm2, S- Simon Nachtergaele ζ= 286.2 ± 4.7). Usample is the uranium content in the area where ρs and ρi were counted (Enkelmann et al., 2005). The U
content standard error (s.e.) is given in ppm.
a Indicates samples from Fonseca et al. (2020).
b Indicates lengths analysis with insufficient measurements to perform inverse thermal history modeling.
c Indicates samples that failed in the P(χ2) test.
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N3 and N5 (shorter MTL) had a protracted residence in the APAZ.
Thermal history modeling was performed for six samples from the
Araçuaí Orogen (samples S1, S3, C2, C6, N3 and N5; Fig. A.8 in Appendix
B). In the southern and central transects, the expected T-t path of sam-
ples S1, S3 and C6 display a similar time–temperature path. For these
samples themodels show a cooling through the 100 °C isotherm around
120Ma, followed by a quasi linear, protracted cooling since ca. 110 Ma.
The expected T-t path of sample C2 displays a residence in the temper-
ature window between ~100 °C to 80 °C between ca. 170 to 140 Ma
when it also begins to transfer into a quasi linear, protracted cooling
until surface temperature is reached. In the northern transect, the ex-
pected T-t path of samples N3 and N5 show a cooling phase during
the Triassic to Early Jurassic (N5 until ca. 200 Ma and N3 until ca.
130 Ma) followed by thermal quiescence (or modest reheating) before
a subsequent fast cooling since ca. 50 Ma.
4.2. São Francisco Craton
The twelve samples from the SFC exhibit pre-rift AFT central ages
ranging from early Carboniferous (344 ± 16 Ma, Sample N11) to Late
Jurassic (160 ± 13 Ma, Sample S14). The majority of the samples close
to the boundary with the orogenic belts (S11, S13, S14, C1 and C22)
present Triassic to Jurassic ages. In the cratonic interior, samples yield
ages from Carboniferous to Permian (C18, C21, C20, C19, N10 and116N11). These sample were collected from 602 to 997 m elevation above
sea level (a.s.l.) and their altitudes show no clear relationship with
AFT central age (Fig. A.2 in Appendix B).
AFT length histograms from the SFC samples are provided in Fig. A.4
in Appendix B. In six samples (S11, S13, C18, C19, N10 and N11) it was
possible to produce representative length–frequency histograms. Sam-
ples from the southern transect display the longest MTL (12.7 and
12.6 μm, samples S13 and S11, respectively) whereas in the others the
MTLs range from 11.2 μm (Sample C18) to 11.9 μm (Sample N11). The
distributions are unimodal with standard deviations between 1.3 and
1.9 μm, showing no correlation with MTL (Fig. A.6 in Appendix B). The
histograms are quasi symmetric with skewness varying between −0.3
(Sample S11) to 0.3 (Sample S13). Skewness and MTL describe a nega-
tive correlation (Fig. A.7 in Appendix B), although one outlier is present
(Sample S13). The MTL versus AFT central age plot suggests a half part
of a boomerang trend (Fig. 5, Green et al., 1986), however the longest
tracks of the SFC samples are relatively short compared to the higher
MTLs of the analyzed orogenic belts.
Thermal history modeling was performed on data from six samples
from the SFC (samples S11, S13, C18, C19, N10 and N11). Except for the
expected model of sample S11, which predicts a constant slow rate of
cooling up to surfaces temperatures since ca. 300 Ma, all expected T-t
path of the samples display a relatively fast cooling during the Paleozoic
(N11 until ca. 400Ma, C18 until ca. 390MaN10 and C19until ca. 350Ma
and S3 until ca. 290 Ma) followed by a long period of thermal stability
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ca. 50 Ma.
4.3. Brasília Orogen
The majority of the seven samples from Brasília Orogen exhibit AFT
ages ranging from the Triassic (206 ± 15Ma, Sample 5) to the Carbon-
iferous (331 ± 23 Ma, Sample 7). Sample N12 presents a disparate
Albian AFT age (106 ± 15 Ma). Even though its grains counting passed
in the Chi-squared test (P(χ2) = 48%), only nine grains could be ana-
lyzed. This result thus needs to be regarded with carefulness. The age–
elevation plot (Fig. A.2 in Appendix B) does not reveal any clear relation-
ship between the variables.
5. Discussion
5.1. Timing and spatial patterns inferred from thermochronology
Low-temperature thermochronology has only seldomly been ap-
plied to basement rocks in the Brazilian interior, in particular not adja-
cent to our study area, thus the majority of our AFT data covers
unexplored locality. Our new AFT data can be compared to a limited
number of published AFT results (Amaral-Santos et al., 2019; Carmo,
2005; Doranti-Tiritan et al., 2014; Fonseca et al., 2020; Gallagher et al.,
1994; Hackspacher et al., 2004; Jelinek et al., 2014; Martins-Ferreira
et al., 2020; Van Ranst et al., 2020a) and apatite (U−Th)/He (AHe)
data (Van Ranst et al., 2020a) from samples from some adjacent areas.
Where they spatially connect, our AFT data are in agreement with
these previous studies. Especially samples from close proximity, such
as samples BR-30 and BR-1 from Van Ranst et al. (2020a) compared
with samples from this study (C12 and S1, respectively) lie within ex-
pected statistical uncertainty. Samples from Fonseca et al. (2020) com-
plete our dataset on the Brasília Orogen providing additional MTL
information (Fig. A.5 in Appendix B), and presenting inversion time-
temperature models (Fig. A.10 in Appendix B), therefore they are com-
bined with our dataset for further discussion.
A clear distinction with respect to the tectonic province can readily
be observed in the AFT data set presented here. In general, all AFT cen-
tral ages range between 386± 31Ma (sample 9) and 59± 4Ma (Sam-
ple C11). AFT ages from the Araçuaí Orogen range from 210± 10Ma to
59±4Ma (Table 2)while ages from the Brasília Orogen and the SFC are
generally older, rangingbetween386±31Ma to 160±12Ma (Table 2)
with one outlier (Sample N12, 106± 15Ma). The intermediate ages be-
tween these two groups (160 to 210 Ma) predominate in the transition
zone between the Araçuaí Orogen and the SFC (Figs. 3 and 4). The rela-
tionship between elevation and AFT central age is also distinct. While
the Araçuaí Orogen samples show a normal trend, i.e. the older ages at
higher elevation, the samples from the Brasília Orogen and the SFC dis-
play no clear correlation and suggest an exhumed APAZ signature
(Fig. A.6 in Appendix B).
In the AFT samples from the Araçuaí Orogen, the MTL is longer
(13.5 μm) in samples with AFT central ages around 95 Ma (sample S1
and S3) and the MTL tends to decrease (with increasing standard devi-
ation) for samples with ages between 110 Ma and 150 Ma (Fig. 5).
Hence, it is possible to suggest a rather rapid cooling around 95 Ma
(Green et al., 1986). In samples from the Brasília Orogen and the SFC,
the longestMTL (13.7 μm) is associatedwith the oldest AFT age (Sample
9, 386±31Ma),while younger ages (ca. 350Ma to 230Ma) are derived
from samples displaying shorter MTL (12.7 μm −11.2 μm) (Fig. 5). In
this case, the fast cooling is associated with a Devonian cooling event
and a tail of mixed signatures is showed by sampleswith AFT ages rang-
ing from Carboniferous to Early Triassic. However, one should be aware
of the increased absolute uncertainties on an AFT age when extrapolat-
ing further in time and therefore the Devonian basement cooling event
is not precisely constrained.117The inverse models also confirm the distinct difference in thermal
history between the Araçuaí Orogen, the SFC and the Brasília Orogen
(Fig. 6). Samples from the latter two display similar time–temperature
paths with a fairly rapid cooling between ca. 430 Ma to 350 Ma with a
subsequent phase of stability until a last cooling pulse during the Ceno-
zoic. Almost all the modeled samples from Brasília Orogen and the SFC
had cooled below 70 °C before 250Ma, andwere probably not reheated
above this temperature since. In the Araçuaí Orogen, the current surface
rocks seem to have cooled through the 100 °C isotherm during the late
Mesozoic to the early Cenozoic times, and so therefore the former ther-
mal history is not revealed in the AFT data. The models of samples from
the central and southern transect reveal a cooling phase from 150 to
95 Ma, i.e. Early Cretaceous to Cenomanian, to recent that indeed is in
accordance with their AFT age vs. MTL plot (Fig. 5). Almost all samples
describe a modeled late cooling phase that affected all the provinces.
In some cases, this cooling phase is inferred during the Late Cretaceous
to Paleocene and in others during the Neogene. However, as will be
discussed in the next section, this cooling phase is often outside the
AFT detection limit (below 60 °C) and needs to be confronted with
available geological evidence.
5.2. Meaning of the cooling phases
5.2.1. Paleozoic
A Paleozoic cooling phase is revealed through the thermo-
chronometry and thermal historymodeling of samples from the Brasília
Orogen and the SFC. The main cooling was constrained between ca.
430 Ma and 350 Ma (Fig. 6) by the inverse modeling (expected
model) and corroborated by the relatively high mean track length
(MTL) values from sample 9 with a Devonian AFT age. The cooling
phase is however poorly constrained since limited suitable basement
outcrops and samples are available and only just one sample (sample
9) yields the long MTL signal. In addition, the absolute uncertainty in-
creases for older ages. Previous AFT data have also revealed a Paleozoic
cooling period in the southern Brasília Orogen (Doranti-Tiritan et al.,
2014; Fonseca et al., 2020; Gallagher et al., 1994; Ribeiro et al., 2005)
and in the north-eastern SFC (Jelinek et al., 2014; Japsen et al., 2012).
Fonseca et al., 2020 suggest a close connection between the tectonic
subsidence of the Paraná Basin and the coeval cooling of the Brasília
Orogen. This is interpreted as a result of exhumation after possible reac-
tivation and basement denudation, which in turn was triggered by the
tectonic extension during the rifting processes.
In the interior ofWest Gondwana, the Paleozoic marks the final con-
solidation of the supercontinent and the collapse of the Brasiliano
orogens. The latter was accompanied by the formation of several
intracratonic depocenters. The collapse of the Brasília Orogen specifi-
cally is constrained by medium-temperature thermochronometers as
to have occurred between 600 Ma to 560 Ma (Hasui and Almeida,
1970; Valeriano et al., 2000; Pimentel et al., 2004; Hackspacher et al.,
2004). Hence this implies termination of the main orogenic activity
followed by the relaxation of the upwardly compressed isotherms.
Dunlap (2000) estimates an initial cooling rate driven by isothermal re-
laxation in excess of 30 °C/Ma using thermomechanical models. There-
fore, this initial cooling effect only lasts for about 10 to 20 Ma and thus
does not fully explain the reported cooling phase as constrained by
our AFT data.
Furthermore, the Brasília Orogen is not the only domain exhibiting
this Paleozoic cooling. As mentioned, this signal extends into the SFC
and is spread across sampling profiles as far apart as 800 km and
hence implies large, regional mechanisms. We suggest that the inter-
play between intraplate tectonic readjustments followed by erosional
processes led to the basement cooling, i.e. Brasília Orogen and SFC. Dur-
ing the Paleozoic both sampled areas were paleohighs that were sub-
jected to erosion, which produced sediments transported to and
deposited in the adjacent depocenters of the Paraná and Sanfranciscana
basins. Provenance studies of the Paleozoic sediments of the Paraná
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Assine et al., 1998; Gesicki et al., 2002; Lobato and Borghi, 2005;
Mottin et al., 2018; Scherer and Lavina, 2006) and U−Pb detrital zircon
analysis (Canile et al., 2016) indeed points to these exhumed northern
Precambrian batholiths as possible source areas. Therefore, we link the
rapid basement cooling to the significant increase in erosion rates dur-
ing this period (i.e. Silurian to early Carboniferous). The erosional re-
sponse of an elevated area (such as the Brasília Orogen and the SFC
during the Paleozoic) depends on an intricate set of variables, such as
the subsidence of intra-cratonic depocenters, the local climate, the na-
ture of the main erosional process (e.g. fluvial, glacial, arid processes),
and base level drop (Braun and Robert, 2005; Dunlap, 2000). The possi-
ble individual influences of these processes and their interaction are
discussed in Section 5.3.
5.2.2. Early Cretaceous to Cenomanian
AnEarly Cretaceous to Cenomanian (ca. 150 to 95Ma) cooling phase
is inferred by the inversemodels from samples in the southern and cen-
tral transect from the Araçuaí Orogen. Jelinek et al. (2014) and Carmo
(2005) also reported this phase in an adjacent area (Fig. 1). The authors
relate it with a denudational event triggered by the surface uplift of the
rift shoulder, as the Atlantic opening occurred at this time. The role of
the erosion is supported by the offshore syn-rift deposits in the offshore
basins next to the Araçuaí Orogen. The influence of the break-up is
clearly relevant for the change of the base levels and drainage patterns
(e.g. Gallagher et al., 1994; Van Ranst et al., 2020a). The effect of the
heat flow within the developing rift system cannot be ruled out (e.g.
Brown et al., 1990; Gallagher et al., 1994; Morais Neto et al., 2009;
Turner et al., 2008). The effects of the thermal influence decrease rapidly
with the distance from the rift axes (Morgan, 1983; Gallagher et al.,
1994; Cogné et al., 2011) and as our samples are from at least 150 km
from the coast (Fig. A.1 in Appendix B), its effect might have been min-
imal. Therefore, we support the Jelinek et al. (2014) hypothesis of a rift-
shoulder-related denudation as the main cause of cooling during the
syn-rift phase.
5.2.3. Late Cretaceous/Paleocene and Neogene
Our thermal history models display a possible post-rift rapid cooling
phase during the Late Cretaceous to Paleocene (samples S13, C2, N3, N5,
N11, Fig. A.8–9 in Appendix B) or during the Neogene (samples N10,
C18, C14, C16, Fig. A.9–10 in Appendix B). This final cooling carried
the samples from higher temperature conditions to below 65 °C,
which is very close to the method's sensitivity. A “recent-cooling” arte-
fact is well-known in numerical inversion of AFT data (e.g. Jonckheere,
2003) and this feature in themodels should be rigorously tested against
independent geological evidence.
Previous thermochronological studies, in both the Araçuaí Orogen
(Amaral-Santos et al., 2019; Carmo, 2005; Jelinek et al., 2014; Van
Ranst et al., 2020a) and the SFC (Japsen et al., 2012; Jelinek et al.,
2014), also revealed a Late Cretaceous to Paleocene cooling. Many sam-
ples from published data present AFT central ages ranging from ca.
80 Ma to 50 Ma with high MTL (> 13.5 μm) and showed narrow stan-
dard deviation for the track-length distribution, which means a fairly
fast basement cooling between ca. 80 to 50 Ma. Thus, we consider that
this cooling period may have taken place in some samples of our
study area aswell. The contemporaneous increase of sedimentary thick-
ness recorded in the offshore basins (Milani et al., 2007), also corrobo-
rates increased sedimentary input and more widespread erosion
during the Late Cretaceous to Paleocene (e.g. Jelinek et al., 2014).
A Neogene cooling phase is discussed by some studies on the
Brazilian margin (Japsen et al., 2012; Jelinek et al., 2014; Morais Neto
et al., 2009), however it is solely inferred from thermal history models,
since none of the samples showed Neogene AFT central ages. The au-
thors highlight that a thick clastic wedge, built out in the offshore basins
during this time, is evidence of some erosion and points to significant
basement denudation in the source areas. In our data, the Neogene118event is displayed by samples far from the coast, where only thin and
small sedimentary deposits are recorded. Even though the inferred
cooling may represent the most distal effects of enhanced erosion
along the Atlantic margin affecting some samples (e.g. N3 and N5), we
support the idea that for the most of the samples this cooling is most
likely a modeling artefact than an actual event (e.g. Van Ranst et al.,
2020a; Dempster and Persano, 2006; Redfield, 2010).
5.3. Driving forces
5.3.1. Paleozoic
As discussed, a Paleozoic denudational cooling phase (Fig. 6) af-
fected at least the SFC (Jelinek et al., 2014; Japsen et al., 2012 at the
craton's continental margin) and Brasília Orogen (Fonseca et al.,
2020). In the Matiqueira Province (Borba et al., 2002, 2003; Hueck
et al., 2019; Machado et al., 2019; Oliveira et al., 2016; Ribeiro et al.,
2005; Souza et al., 2014), Amazonian Craton (Harman et al., 1998) and
ancient West Gondwana basement terrains in Africa (Kasanzu, 2017;
Kasanzu et al., 2016), a Paleozoic cooling is also reported. The majority
of the previous works argued for a far-field mechanism inducing wide-
spread erosion and exhumation of the West Gondwana basement dur-
ing this time (e.g. Fonseca et al., 2020). It is likely that other portions
of the West Gondwana basement have also experienced this cooling
phase but it is not recorded by low-temperature thermochronometers
due to either posterior resetting by subsequent thermal events, or be-
cause more recent exhumation events have removed the overlying
basement with this signal, exposing deeper sections of the crust. This
may be the case in the Araçuaí Orogen, where the former cooling is
not preserved for AFT detection. This hypothesis should be tested by
applying other medium-T thermochronometers such as Zircon (U
−Th)/He, Zircon Fission Track or apatite U−Pb dating. Among the pro-
cesses supporting an increase of erosion rates, depocenter subsidence
was widespread in West Gondwana during the Paleozoic, since several
intracratonic basins (also called “interior cratonic basins” or “intra-
continental sags”) were generated during this time (Torsvik and
Cocks, 2013), invoking base level drop and denudation of adjoining
basement highs. For example, near the SFC and Brasília Orogen, the ex-
tensive Paraná Basin (Milani and De Wit, 2008; Linol et al., 2015; Zalán
et al., 1990) shows high rates of episodic tectonic subsidence between
the Ordovician (ca. 450 Ma) and the Early Triassic (ca. 240 Ma), which
is coeval with the Paleozoic cooling period. As previously mentioned,
(Section 5.2), provenance studies on Paraná Basin sediments reveal
that basement blocks of the SFC and the Brasília Orogen served as im-
portant source areas at that time (Alessandretti et al., 2016; Assine,
1999; Assine et al., 1998; Gesicki et al., 2002; Lobato and Borghi, 2005;
Mottin et al., 2018; Scherer and Lavina, 2006). Therefore, the Paleozoic
cooling of the analyzed basement rocks is likely associated with the
basement erosion and sediment influx to the Paraná basin. Three thick
sedimentary packages with a total thickness of 4500 m were deposited
in the Paraná basin during this time (Milani et al., 2007). In addition, Pa-
leozoic sedimentary sequences are deposited in the Sanfranciscana
Basin in the SFC interior as well (Fig. 6).
Although defining the subsidence mechanism of intracontinental
sags remains challenging, Milani and Ramos (1998) showed how the
subsidence cycles of the Paraná Basin during the Paleozoic may be con-
nected to the Gondwana geodynamic cycles; mainly to the Famatinian
and Gondwanides orogeny (Fig. 6) (Pankhurst et al., 2006). Later, this
was extended to the Congo and Cape-Karoo basins due to their similar-
ities in their tectonic subsidence curve and stratigraphic correlation
with the Paraná Basin (Milani and De Wit, 2008; Linol et al., 2015). In-
traplate subsidence and Phanerozoic basement cooling of Precambrian
stable areas (i.e. cratons and ancient orogenic belts) have been indeed
linked to the effect of far-field tectonic stress variations (e.g. Kohn and
Gleadow, 2019; Pinet, 2018).
The glacial nature of the erosional processes during the Ordovician
(e.g. Le Heron, 2018; Torsvik and Cocks, 2013) and Carboniferous in
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According to Hallet et al. (1996), glacial erosion can increase the overall
erosion rate by one or two orders ofmagnitude compared to fluvial pro-
cesses. A Carboniferous ice cap probably affected our study area, since it
is close to the glacial deposits of the Sanfranciscana Basin and Paraná
Basin and paleocurrent data indeed point to a northern source area
(Eyles et al., 1993;Mottin et al., 2018). However, evidence of Ordovician
ice caps is rare in Brazil, even though some authors describe glacial de-
posits in nearby basins, i.e. Parnaíba Basin (e.g. Caputo and dos Santos,
2019).
The transition to the Mesozoic was accompanied by increasing arid
conditions and a severe decrease in the tectonic subsidence rate in the
Paraná Basin, coincident with the end of the orogenic cycle on the SW
portion of Gondwana (Fig. 6). The arid environment with shallow base
level prevents further deep erosion and leads to very low denudation
rates (Bishop, 2007).
5.3.2. Early Cretaceous to Cenomanian
The denudation inferred in the syn-rift stage must be linked to the
stretching and thinning processes in response to the extensional stress
field that resulted in the opening of South Atlantic Ocean and subse-
quent formation of new oceanic basins. Models using kinematic con-
strains suggest that tectonic processes (e.g. flexure of the continental
lithosphere followed by surface uplift) are the major driving forces on
the early evolution of passive margins (Braun and Beaumont, 1989;
Weissel and Karner, 1989; Watts, 2012). The surface uplift of the rift
shoulders leads to drainage rearrangements and contribute to increase
of the sediment influx in the offshore basins (Watts, 2012). Thus, thede-
structive nature of erosion acting in the new structural architecture of
the rifted continental margin generated the exhumation through
denudational processes. According to Rouby et al. (2013) the flexural
rift-shoulder is eroded awaywithin 10 to 20Myr, which is in agreement
with our inferred cooling phase.
The driving mechanism that led to break-up remains controversial.
Amantle plume is commonly invoked to explain the SouthAtlantic con-
tinental rupture (e.g. Quirk et al., 2013 and references therein), mainly
because it was followed by huge magmatic events (e.g. Paraná-
Etendeka L.I·P, with a volume of at least 1,700,000 km3; Frank et al.,
2009). However, the original model proposed by Morgan (1971) pre-
dicted several phenomena (Campbell, 2007) that the South Atlantic
margin fails to show (e.g. Foulger, 2018; Peace et al., 2019; Fromm
et al., 2017). Our thermochronological data are insufficient to broadly
contribute to this discussion, but brings more insights into the denuda-
tion history of the continent's interior. Nevertheless, there is no evi-
dence for regional surface uplift followed by denudation in the Brasília
Orogen preceding the emplacement of the Paraná L.I·P that occurred
nearby our study area. A kilometer-scale domal surface uplift is pre-
dicted in response to plume-head emplacement at the base of the litho-
sphere (Campbell, 2007). Nor do we observe reheating effects of the
Early Cretaceous volcanic activity in the SFC, i.e. Transminas mafic
dike swarm, in our data.
5.3.3. Late Cretaceous - Paleocene
Our data combined with previous studies (e.g. Amaral-Santos et al.,
2019; Cogné et al., 2011; Hueck et al., 2019; Japsen et al., 2012; Jelinek
et al., 2014; Krob et al., 2019; Oliveira et al., 2016; Machado et al.,
2019; Van Ranst et al., 2020a) show awidespread erosional denudation
during the Late Cretaceous to Paleocene that is strongly imprinted in
some of the segments of the Brazilian Atlantic margin, such as the
Borborema Province (e.g. Morais Neto et al., 2009) and Mantiqueira
Province (e.g. VanRanst et al., 2020a), but is also inferred in thermal his-
tory models for samples far away from the margin (e.g. Amaral-Santos
et al., 2019; our results) and in the cratonic coastal region (e.g. Japsen
et al., 2012). Thus, the Late Cretaceous to Paleocene cooling phase is
widespread in the passive marginal domains as well as in the119hinterland, which leads us to suggest that a post-rift stress source
with only local effects, could not be the main root cause for the base-
ment cooling.
Numerical modeling by Rouby et al. (2013) demonstrated that
post-rift peaks of erosion and sediment accumulation should not be ex-
plained only by thermal relaxation and flexural isostasy. A major cli-
mate change would be one potential explanation for increasing
erosion rates, nonetheless, the currently available data point to stable
climate conditions throughout that period (Bershaw et al., 2010;
Garcia et al., 2005; Spier et al., 2006). A forced tectonic uplift along
pre-existing faults and variations in drainage organization seems most
likely in our case, as already stated by other authors (e.g. Van Ranst
et al., 2020a; Jelinek et al., 2014). Indeed, in SE Brazil, vertical motions
along inherited Precambrian structures (crustal weak zones) are well
documented (e.g. Cogné et al., 2012). However, the surface uplift/subsi-
dence mechanisms that could trigger such rejuvenation of the topogra-
phy remain poorly understood.
Paleostress analyses (Salomon et al., 2015; Ferrari, 2001) indicate a
compressional NE–SW stress field operating in SE Brazil during the
Late Cretaceous to Paleocene in a strike-slip regime. The stress system
may be a result of the interplay between flexural bending of themargin
and the intraplate compressive stress transmitted from theplate bound-
aries. Even though the formermight not be the only cause of the surface
uplift (Salomon et al., 2015), it may attribute to it (Van Ranst et al.,
2020a). The Atlantic spreading rate seems to have increased somewhat
(4 to 5 cm/a) between 90 and 80Ma to then decrease (5 to 3 cm/a) until
60 Ma (Clark, 2018). Thus, a ridge push force cannot be considered as
the main cause of stress. At the convergent western boundary of the
South American plate, the Peruvian tectono-orogenic cycle took place
just before the denudational exhumation we observe (Fig. 6) and so
could lead to the increase the intraplate stress, which could in turn trig-
ger the reactivation of ancient structures resulting in differential surface
uplift and denudation of certain fault blocks. This hypothesis is com-
monly proposed to explain the compressional events and cooling pe-
riods of the Brazilian passive margin (e.g. Cobbold et al., 2001; Cogné
et al., 2011, 2012; Karl et al., 2013; Van Ranst et al., 2020a) and our
data can extend this interpretation to terrains more in the hinterland.
5.4. The influence of tectonic and lithospheric inheritance
The differential exhumation pattern revealed in our AFT analyses al-
lows clustering the samples in two distinct main groups: (1) samples
from the SFC and the Brasília Orogen that were exhumedmainly during
the Paleozoic with slight exhumation in the Cenozoic; (2) Samples from
the Araçuaí Orogen that were mainly exhumed during the Meso-
Cenozoic.
A first discriminating characteristic is the distance to the coast. The
Araçuaí Orogen is part of the Brazilian passive margin and thus closest
to the rift axis andwould have beenmore susceptible to heating and de-
nudation processes caused by the rifting (e.g. rift shoulder uplift/ flex-
ural isostasy). However, in the AFT central age vs. distance to coast
plot (Fig. A.1 in Appendix B), it is possible to see that between 200
and 300 km away from the margin, there are several samples from
both groups maintaining the characteristics that differentiate them
(i.e. older ages in the SFC and Brasília Orogen). Besides, in the light of
previous thermochronological data, the cratonic margin (Japsen et al.,
2012; Jelinek et al., 2014; Harman et al., 1998) exhibits much more
pre-rift AFT central ages than the orogenic margin (Fig. 7.A), which
seldomly preserves the former cooling but rather displays syn- and
post-rift AFT ages. Therefore, we suggest that lithospheric features
may be decisive in the manifestation of surface uplift and the denuda-
tion and cooling afterwards, at least during the Meso-Cenozoic events.
TheMeso-Cenozoic tectonic activity should bemainly partitioned in
pre-existing shear zones within the lithosphere, as shown by the paral-
lelism between ancient structural lineaments of the Brasiliano belts and
the younger rift systems, e.g. Atlantic Rift and Continental Rift of
Fig. 7. Eastern Brazil maps. A) AFT ages from this and previousworks (after Engelmann deOliveira and Jelinek, 2017). B) Shear wave (s) velocity at 100 kmdepth (Feng et al., 2007). C) In-
traplate seismicity onshore and offshore (Assumpção et al., 2014).
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2015; Reuber and Mann, 2019; Salomon et al., 2017; de Wit et al.,
2008; Nemčok, 2016). The mobile belts indeed possess several weak
zones, such as faults, shear zones, and foliation planes, as well as a
higher geothermal gradient (Misra and Mukherjee, 2015; Cloetingh
et al., 1995; Rey et al., 2001; Corti et al., 2007). These features generate
a warmer and weaker lithosphere compared to the cratonic one. Cra-
tons are characterized by low heat flux, and a dehydrated mantle with
refractory composition (e.g. Peslier et al., 2010; Sleep, 2003). Tommasi
and Vauchez (2001, 2015), taking into account these characteristics,
suggest that the orogenic mantle provides deep pre-existing weak
zones as well, which play an important role in localizing strain during
extension such as in the opening of the South Atlantic Ocean.
Hence, the South Atlantic margin gives a good example of how cra-
tonic andorogenic lithospheres can create different features undergoing
the same geodynamic event (e.g. Brune et al., 2014; Buck, 1991;
Huismans and Beaumont, 2005). The break-up of the Bahia-Gabon cra-
tonic bridge between the SFC and the Congo Craton resulted in deep
narrow basins (marginal basins and the Recôncavo-Tucano-Jatobá
aulacogen), while portions of extended orogenic belts (e.g. Araçuaí
Orogen) generated a wider rifting zone (e.g. Mohriak et al., 2008). We
earlier suggested the erosion of the rift shoulders as the main cause of
the Early Cretaceous to Cenomanian cooling phase (Section 5.3). It is ab-
sent in our in-land cratonic study area and also in some cratonic coastal
portions (Jelinek et al., 2014) thus the deformation, i.e. flexural surface
uplift, should not have regionally reached the cratonic strong litho-
sphere. Instead, andmore likely, the deformation in the SFCwas hetero-
geneously localized in narrow weak zones (e.g. Recôncavo–Tucano–
Jatobá rift) and at the cratonic edges. In contrast, the mobile marginal
belts (e.g. Araçuaí, Borborema and Ribeira belts) exhibit widespread
Meso-Cenozoic denudational phases indicating far-reaching deforma-
tion. Distinct erosion patterns of cratonic rocks versus rocks from the
boundary orogenic belts, are reported from the southern Africa Plateau
as well, and is thought to stem from the same geodynamic driving force
(Stanley et al., 2015).120Although the dichotomy between cratonic vs. orogenic lithosphere
works to understand the general context, it is too simplistic if we con-
sider the several heterogeneities within one lithosphere or between
two cases of the same lithospheric type. Fig. 7.B is a tomographic
image that displays the S-wave velocity model at 100 km depth (Feng
et al., 2007). The higher S-wave velocity terrains are indeed underlain
by old and stable cratonic lithosphere, however the tomography
model shows that the thickness of the lithosphere is not homogeneous
in the SFC and it is higher beneath its southern part (Feng et al., 2007).
Surrounding the SFC, the Brasília and Araçuaí orogens present very dif-
ferent lithospheric architectures, which is also illustrated in Fig. 7.B. The
Brasília Orogen in our study area exhibits significantly faster S-wave ve-
locities than the Araçuaí Orogen, which is interpreted as a deeper-
seated extension of the SFC beneath the former orogen (Soares et al.,
2006; Feng et al., 2007). In order to better understand the individuality
of each region it is necessary to take into account the formation and evo-
lution of the lithosphere over time.
In our SFC data, samples nearby the cratonic boundary (samples C1,
C22, S11, S13, S14) present the youngest AFT central ages, ranging from
Triassic to Jurassic, along with MTL values that are higher than 12.5 μm.
Comparing to the intraplate seismicity analyses of Brazilian earthquakes
(Fig. 7.C) (compilation of Brazilian Seismic Bulletin and previous works),
it is possible to note that the seismicity is more concentrated at the cra-
tonic edges as compared to the inner craton (Assumpção et al., 2013),
which is in agreement with observations by Mooney et al. (2012) on a
global scale. The latter authors suggest that the increase in the seismic
activity can be a consequence of stress concentration in areas with
high lateral density variations. The stress concentration might result in
more extensive reactivation of the basement, leading to faster exhuma-
tion, shorter APAZ residence time and thus the long MTL values ob-
served for samples in the cratonic boundary as compared to the
length distributions of the samples of the inner craton.
In the case of an orogenic lithosphere, factors that facilitate
reworking or reactivation arewell-understood, howevermany orogenic
belts do not show evidence of later tectonic activity in extensive
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Brasília Orogen, since our data show little post-Paleozoic reactivation
for samples from that domain. Krabbendam (2001) categorized the
Brasília Orogen as “unlikely to be reworked”, based on analyses of its
stronger orogenic lithosphere. We suggest that the Brasília Orogen is a
case of strong orogenic lithosphere capable to inhibit reactivation, at
least compared to the weaker Araçuaí Orogen lithosphere. Processes
that could lead to the relatively high lithospheric strength include the
enrichment of radioactive isotopes in the shallow crust with depletion
of the lower crust, dehydration metamorphism, and crustal thinning
by erosion (Krabbendam, 2001). These processes are responsible to
lower the geothermal gradient and consolidate a higher strength rheol-
ogy to deeper-seated rocks.
The Brasília Orogen was formed by the closure of the wide Goiás
ocean (BritoNeves, 1999; Pimentel, 2016) resulting in the incorporation
of high amounts of mafic material and an island arc terrain (Valeriano,
2017 and references therein), which are depleted in radiogenic ele-
ments. In addition, in our study area, there are many granulitic rocks in-
cluding mafic granulites (e.g. Moraes et al., 2002; Piuzana, 2003) that
indicate emplacement temperatures exceeding 1000 °C (Del Lama
et al., 2000), and have resulted in a high strength dehydrated mineral
assemblage. During the metamorphism, the partial melting also con-
tributed to the depletion of incompatible radioactive elements in the
lower crust. Finally, the orogenic collapse does not seem to have an
evolved extensional phase, neither abundant magmatism (Carvalho
et al., 2014), thus the erosion of the upper crust may have been the
main process of crustal thinning. The removal of the upper crust
enriched in radiogenic elements produced an orogen depleted in radio-
genic heat and thereby led to a colder and stronger terrain. Another im-
portant feature revealed by the seismic tomography (Feng et al., 2007)
that points to an increased lithospheric stability is the abovementioned
deep subcontinental lithospheric mantle in the south of the orogen.
In the Araçuaí Orogen, the samples from the northern transect yield
AFT central ages ranging from the Late Cretaceous to the Jurassic and
MTL values (11.5 μm) lower than in the central and southern transect
(MTL > 12.2 μm). The thermal history models from samples N3 and
N5 (Fig. 6) reflect these data, showing a slow cooling since the Jurassic,
in contrast to the other models from the Araçuaí Orogen that rather
infer a fairly fast cooling just after the Early Cretaceous. This could be
an effect of the distance to the coast or elevation (see Fig. A.1 and A.2
in Appendix B), since these samples follow the normal trends defined
by the dataset from this orogen. However, the crustal level exposed in
the northern segment of the Araçuaí Orogen (north of 19°S) is notably
shallower than in the south (Alkmim et al., 2017; Pedrosa-Soares
et al., 2011), which would mean that this sector was in general less
deeply eroded, i.e. went through a slower denudational cooling. The ev-
idence of the exposure of different crustal levels in the north of the
orogen include the decrease in the metamorphic grade and the occur-
rence of shallower portions of the post-orogenic batholiths, i.e. much
less mafic components (Pedrosa-Soares et al., 1992, 2001, 2011;
Trompette, 1994; Pedrosa-Soares and Wiedemann-Leonardos, 2000).
A widespread sampling for thermochronological analysis in the
northern sector of Araçuaí Orogen would cover samples closest to the
margin and in a variety of elevations, therefore the influence of these
variables could be checked. If a broad protracted cooling were to be re-
vealed such as in our data, we would suggest that the degree of erosion
contributes to the preservation of the upper crust in the northern sector.
In this case the reactivations responsible to induce the denudational
processes to the south would produce slower vertical motion to the
north. The rigidity of the northern lithosphere is increased by the prox-
imity to themore rigid cratonic bridge and a lesser amount of extension
during the formation of precursor basin of the orogen. The analysis of
the structural trend is also relevant, since it inflects to the NE in the
north portion making it less parallel to the coastal margin and conse-
quently less favorable to react to extensional forces inflicted by opening121of the South Atlantic (e.g. Salomon et al., 2017). Ideally, the contribution
of the lithospheric and structural inheritance in this segment of the belt
should be clarified in future works.
6. Conclusions
We report the results of AFT thermochronology from forty-three
new samples distributed in three transects that run across the São
Francisco Craton (SFC) and two adjacent mobile orogenic belts, i.e. the
Araçuaí and Brasília belts. Our analyses in combination with published
data reveal three main phases of denudation during the Phanerozoic:
(i) Paleozoic, recorded by samples from the SFC and Brasília Orogen;
(ii) Early Cretaceous to Cenomanian, recorded by samples from the
Araçuaí Orogen, and (iii) Late Cretaceous to Paleocene, inferred in sam-
ples from the SFC as well as from both the Brasília and Araçuaí orogens.
We associated the Paleozoic phasewith erosion induced by the effect of
tectonic extension during the rifting of continental crust in the context
of tectonic subsidence of the intracontinental basins, i.e. mainly the
Paraná and Sanfranciscana basins. The Early Cretaceous to Cenomanian
cooling was linked with the uplift induced denudation triggered by the
opening of the South Atlantic Ocean during the syn-rift phase. Finally,
the widespread post-rift erosional event, i.e. Late Cretaceous to Paleo-
cene, was connected with reactivations prompted by the interplay be-
tween flexural bending of the margin and the intraplate compressive
stress transmitted from the plate boundaries.
Differential uplift and exhumation in our study area are recorded in
our AFT data. While the Araçuaí Orogen samples experienced fairly
rapid cooling duringMeso-Cenozoic times, the SFC and Brasília Orogen
samples exhumed long before, more specifically during the Paleozoic,
and remained in relative stable conditions near present outcrop position
fromtheMesozoicuntil thepresentday.Wesuggest that the lithospheric
architectureof the tectonic provinces is deeply connectedwithdeforma-
tional response to tectonic stresses. The strong, rigid and cold cratonic
lithosphere likely partitioned and concentrated the Meso-Cenozoic
reactivations in narrowweak zones (e.g. Recôncavo-Tucano-Jatobá rift)
and at the cratonic borders as evidenced also by previous thermo-
chronological studies in the cratonic basement of the Brazilian margin
(Jelinek et al., 2014). In contrast, the Araçuaí Orogen displays a
widespread Meso-Cenozoic denudational exhumation indicating far-
reaching deformation. The Brasília Orogen seems to be an example of a
strongorogeniclithosphere,sinceitremainedstablefromtheearlyMeso-
zoic to the present. Therefore, we highlight the importance of inherited
lithospheric structures in studies elucidating thermal histories.
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